Purpose-This paper provides an Input-Output Life Cycle assessment model to estimate the carbon footprint of U.S. manufacturing sectors. To achieve this, the paper sets out the following objectives: 1) Develop a time series carbon footprint estimation model for U.S. manufacturing sectors; 2) Analyze the annual and cumulative carbon footprint; 3) Analyze and identify the most carbon emitting and carbon intensive manufacturing industries in the last four decades; and 4) Analyze the supply chains of U.S. manufacturing industries to help identify the most critical carbon emitting industries.
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Introduction
Climate change and carbon footprint are fundamental topics of industrial sustainability assessment and sustainable development policy making. Unfortunately, we are well behind the objectives targeted in the meetings of United Nations Climate Change Committee, and yet no worldwide commitment for taking the necessary actions has been reached based on the 2015 Paris meeting.
Among the industrial and service activities in a country or across the world, manufacturing activities play a substantial role in meeting the expectations of consumers. Substantial environmental impacts result from these activities. In any discussion about sustainable development, sustainable manufacturing has to be a significant topic for assessment and policy making across the world.
Sustainable manufacturing
Reducing greenhouse gas (GHG) emissions is of critical importance toward achieving sustainable development. Nearly a third of GHG emissions are attributed to manufacturing, especially in the major U.S manufacturing industries including electricity and heat production, agriculture, forestry, and other land use, chemical, iron and steel, cement, and paper sectors. (Egilmez et al., 2013) . Therefore, the need for achieving sustainable manufacturing has reached a crucial milestone as these activities continue their deteriorating effects on the earth's carrying capacity . The U.S Department of Commerce's report defines sustainable manufacturing as the "creation of manufactured products that use processes that are non-polluting, conserve energy and natural resources, and are economically sound and safe for employees, communities, and consumers'' (Westkämper, 2000) .
Carbon footprint analysis and life cycle assessment
Life cycle assessment (LCA) as a methodology has played a critical role in accounting for carbon footprint analysis. In the initial era of LCA, mostly process-based models were employed on various domains including products and processes. LCA has been used by researchers to study a whole host of products and processes including but not limited to, rainwater for irrigation and toilets (Devkota et al., 2015) , concrete road pavements using industrial by-products (Anastasiou et al., 2015) , biodegradable packaging materials (Rossi et al., 2015) , disposable baby diapers (Cordella et al., 2015) , household refrigerators (Xiao et al., 2015) , alternative fertilization practices for rapeseed (Queirós et al., 2015) , photovoltaics (Gong et al., 2015) , natural gas (Dale et al., 2013) and water tourism (Scheepens et al., 2015) .
From a macroeconomic perspective, most of the industries such as transportation, construction, and agricultural sectors are interrelated, each of whom plays as a critical role as a contributor in the overall supply chain. The U.S. economy consists of 400+ industries where each industry hypothetically has over 400 supplier industries in its supply chain. Therefore, studying complex sustainability assessment problems from a holistic viewpoint, where onsite and supply chain activities are considered in an integrative fashion is of vital importance towards realizing the sustainable development goals of the U.S. (Egilmez et al., 2013; 2014) . Reducing carbon footprint in the supply chain is a cooperative work between consumer goods production, distribution, and retail companies, influencing all players in the supply chain system to deliver significance emissions reduction (Bocken and Allwood, 2012) . The organization of the study is as follows. Section two describes the methodology and data. Section three provides the results and highlights the findings.
And, section four provides concluding remarks, limitations of the current study and future directions of the research study.
Literature Review

Background: Input output Life Cycle Assessment Applications
Input Output Life Cycle Assessment (IO LCA) is an increasingly important and useful methodology of assessing the impacts of industrial and human activities on the environment and sustainability efforts. In this section, we present some of the more recent applications of this methodology. LCA models help quantify the environmental impacts of human activities from cradle to grave.
Literature identifies three widely used LCA models namely, Process-based LCA (P-LCA), economic input output-based LCA (EIOLCA), and hybrid LCA (Suh and Huppes, 2005) . Several modifications/enhancements and combinations of the IO LCA models have been used in various applications in literature. Park et al. (2014) provide a brief overview of the life cycle assessment methodology as it pertains to environmental assessments. Sustainability assessment, environmental impacts, and natural resource consumption aspects of various processes and industries are addressed by means of life cycle assessment (Finnveden et al., 2009; Jiménez-González et al., 2011) . The IO methodology has been successfully implemented in various problem domains in literature including food preparations (Lozano et al., 2009; Calderón et al., 2010) , soft drinks industry (Amienyo et al., 2013) , construction , food supply chains (Egilmez et al., 2013; 2014; Park et al., 2016) , manufacturing activities and supply chain impacts (Egilmez et al., 2013 Gumus, et al., 2015; Park et al., 2016) .
More recently, we have seen this methodology being applied to the U.S. manufacturing sector. In a series of articles Egilmez and fellow researchers have developed various input-output-based life cycle assessment (I-O LCA) models to assess the sustainability footprint of the U.S. manufacturing, transportation, construction, and other industries. For example, in Egilmez, Kucukvar, and Tatari, (2013) , they study the sustainability of the U.S. manufacturing sectors using the IO frontier approach and couple it with Data Envelopment Analysis (DEA). Their analyses depicts that five manufacturing sectors, namely; "Petroleum and Coal Products Manufacturing", "Food Manufacturing", "Printing and Related Support Activities", "Ordinance and Accessories
Manufacturing", and "Motor Vehicle Manufacturing" are 100% eco-efficient compared to the other manufacturing sectors. However, the results also indicated that 90% of the U.S. manufacturing sector need considerable improvements in their life cycle performance and therefore, the study provides policy makers with considerable data to formulate policy decisions. Egilmez and Park, 2014 applied the methodology to the U.S. manufacturing sectors and the carbon, energy and water footprints of the transportation associated with manufacturing. In a 2015 article by Egilmez and Park, IO LCA methodology has been applied to the Transport manufacturing nexus in the U.S. using the TRACI (Tools for Reduction and assessment of chemical and other environmental impacts). The results of the study indicated that the top 10 manufacturing sectors account for 55% of the environmental impacts in each category. In another article ; present an application of the approach to 33 food manufacturing sectors in the U.S., they couple the IO approach with fuzzy data envelopment analysis (Fuzzy-DEA) where set of seven environmental impact categories were considered along with economic output. The intent was to determine which sectors were inefficient in terms of sustainability. Analyses showed that vast majority of sectors were inefficient (31/33) providing stakeholders insights into their sustainability performance . In this paper, the researchers adopt the ecologically LCA methodology to evaluate the supply chain sustainability of the U.S. manufacturing. The study posits that different manufacturing sectors have different impacts on the thermodynamic efficiencies when considering renewable and non-renewable resource consumption patterns. Under the renewable resources, fish and CO2 were the dominant resources consumed by the US manufacturing sectors, but under the non-renewable resources, copper ore was found to be dominant. Guan et. al., (2016) discussed the application of the IO hybrid LCA model to China's recent construction boom. They endeavor to capture the building embodied energy by adopting the IO model with the LCA approach and propose several measures to limit building embodied energy. In addition, Zhang and Wang (2016) developed a framework by using hybrid IO model to estimate environmental impacts when technical innovations are introduced in production in the Chinese construction sector. In Europe, Kjaer et al., (2015) applied the methodology to corporate and product environmental footprints. They used a hybrid IO approach and looked at 3 cases in the Danish region. Furthermore, Rodríguez-Alloza et al., (2015) study the impact of asphalt mixtures and the resulting GHGs. They use a hybrid LCA methodology to assess environmental impact of warm asphalt mixtures and show that when upstream supply chain is taken into account, the warm asphalt mixtures help to reduce energy usage by reducing GHG emissions. The aforementioned IO LCA applications successfully integrated the onsite and supply chain-linked impacts in various environmental and ecological impact categories. Another researcher, who has been active in the application of these techniques is Kucukvar, has successfully applied the methodology to a number of interesting applications including land use and construction waste. For example, presented an application of the IO model to several U.S. land use sectors, including cropland, forest land, fishery land, etc. to provide a comprehensive triple-bottom-line (TBL) sustainability assessment model looking at these land uses and trace the supply chains of these sectors that link them to the demand originates from the U.S.. They also provide insights for policies on land management. In another paper, studied the impact of energy sector on both regional and global supply chains. The authors argue that by considering regional/global supply chains, stake holders can capture the true impact of the energy sector on sustainability policies more accurately. Yet another piece by consider the application of LCA to construction waste recycling. The researchers build a multi-criteria optimization model to propose sustainable waste management strategies. They apply the IO model to quantify the environmental impacts of the waste and consider all 3 options-recycling, landfill and incineration as a means of disposing waste. In another recent work, Park et al.,(2015) apply the IO life cycle approach to the analysis of 276 U.S. manufacturing sectors and 4 transportation modes, and study the environmental impact associated with these modes of transportation. The results show that the food manufacturing sector has the greatest environmental impact. In another article, ecologicallybased life cycle assessment model (ECO LCA) is applied to agricultural and food production sectors in the U.S. . They adopt the Ecologically-based life cycle assessment tool to show that grain farming, dairy food, and animal production-related sectors have the largest impact on both environmental and ecological impact categories and further they impact human health, the ecosystem and resources. Most of these works focus on single year impacts, which may lack the critical insights that can only be obtained from multi-period (in other words, time series) analysis.
Motivation and Organization of the research
Studies that utilize input output extended life cycle assessment methods generally provide a comprehensive understanding about the environmental and socio-economic impacts at the regional, national or global scale. However, in most of the studies, single year (e.g. Egilmez et al., 2013 or short term (e.g. Kucukvar et al., 2015) periods are considered as the horizontal time dimension of the assessment. GHGs and specially CO2 emissions stay in the atmosphere for longer periods of time which requires a specific attention and requires us to consider the following question: What is the stock behavior of CO2 emissions? In system dynamics, scientists bring attention of researchers to the behavior of stocks instead of rates. In this context, rate is typically considered as the annual change of a variable, whereas the stock is the cumulative impact over time. In this study, we incorporate the change in CO2 emissions' stock (cumulative) over a longer period of time . To be able to account for the entire account of carbon footprint impacts, input-output (I-O) analysis is employed. The reason is that I-O LCA is the most comprehensive LCA method as it accounts for onsite as well as the supply chain impacts . We apply the life cycle-based time series carbon footprint assessment model to 276 manufacturing industries of the U.S economy over a multiyear period. This study focuses on highlighting CO2 emissions stock of U.S. manufacturing industries by integrating input output-based life cycle assessment and data analytics techniques.
Methodology
An integrated methodology with 3 steps is developed to tackle the problem. 
Input Output-Life Cycle Assessment (IO-LCA)
IO-LCA is known as a top-down approach that is based on integration of environmental impact indicators, monetary flows, and interdependencies between the economic sectors that form the macro-economic structure of a country (Suh et al. 2004; Tatari and Kucukvar, 2011) . Input outputbased life cycle assessment frameworks have been widely used in literature which typically addresses large scale socio economic and environmental assessment problems . IO-LCA approach integrates the environmental impact multipliers with the economic input output tables of a regional, national, or global economy to quantify the environmental impacts of the economic transactions considering direct and indirect (supply chain) impacts. According to the notation of the EIO analysis, sector level direct requirements are represented by the A matrix, which presents the dollar value of inputs required from each and every sector in a macro-economic system to produce one dollar of output for each sector. Hence, the total output of a sector with a final demand, f, is computed as shown in Eq. 1. (Miller and Blair 2009) :
In equation 1, xi is the total industry output vector for year i, Ii represents the diagonal identity matrix for year i, and fi refers to the final demand vector representing the change in a final demand of desired sector for year i. Also, the bracketed term [(Ii-Ai) -1 ] represents the total requirement matrix, which is also called as the Leontief inverse (Leontief, 1970) . The Leontief inverse indicates the sum of direct and indirect purchases required to produce a dollar of output from an industry in a regional, national or global economy (BEA, 2012) . After the total economic output calculation (xi) has been established, the total environmental impacts, termed as ri, (direct and indirect) can be calculated by multiplying the economic output of each industrial sector by the multiplier matrix.
Thus, a vector of total environmental outputs can be expressed as (Miller and Blair 2009) :
where ri is the total environmental pressure vector for year i, calculated by multiplication of Edir (i) and total economic output vector. Edir(i) is a diagonal matrix indicates the direct environmental impacts per dollar of output vector for year i. Recent applications of the aforementioned single region IO-LCA framework for U.S. manufacturing sectors can be found in the literature such as (Egilmez et al., 2013; Kucukvar et al., 2015; Park et al., 2015; Park et al., 2016) .
Time Series Analysis
Even though building IO-LCA model for a specific year is critical to study the impacts across the supply chains, the behavior of carbon stock can only be evaluated over time. Time series IO-LCA models can provide critical quantitative insights related to the rate (annual carbon emissions) and stock (cumulative carbon emissions). Therefore, a time series analysis is conducted for the years 1970 to 2011, where the input output and environmental impact (CO2 equivalent -kton) multiplier datasets were available for the U.S. economy (Lenzen et al., 2012) 
Data
Economic output, total requirement and CO2-equivalent multiplier datasets for the U.S. economy is extracted from EURA-MRIO database (Lenzen et al., 2012; . According to the database, the U.S. economic structure is formulated as 429 industries based on NAICS classification system, where theoretically an industry has 428 supply chain industries. The units of measurement for indicators used are as follows: 1) economic output dataset: $M, 2) total requirement dataset: unitless, and 3) CO2 equivalent multiplier dataset: k-ton CO2-equivalent/$M.
The U.S. economic structure consists of a total of 276 manufacturing industries out of 429 economic sectors. For ease of representation, manufacturing industries are grouped into 53 major manufacturing industries and shown with acronyms given in Table 1 . The classification is made according to NAICS coding and classification system (U.S. Census, 2011) . The analysis is conducted around two major variables: total economic output and carbon footprint. The total economic output can be termed as the total economic activity occurs in the economy as a result of the specific economic production of U.S. manufacturing. So, the total economic output includes the direct (onsite) production activities and the supply chain (supporting industries of U.S. manufacturing)
impacts. The carbon footprint is the estimated total carbon emissions in metric ton CO2-equivalent associated with the economic activities. 
Results
We present the results in five sub-sections. In the first sub-section, we focus on the total economic output variable and time series analysis is highlighted. The second sub-section presents findings related to the carbon footprint considering the annual (flow rate) and stock (cumulative) behavior of these results. The third sub-section overviews the time series behavior of carbon footprint intensity, termed as metric ton CO2-equivalent per million dollar economic activity. The fourth section focuses on the time series behavior of top 10 carbon intensive industries in terms of total carbon footprint share among all of the economic sectors. And, the fifth sub-section concludes the results section with a detailed supply chain decomposition analysis.
Time Series Analysis of Total Economic Output (TEO) in $M
The time series analysis of total economic output is presented in Figures 2 and 3 . In Figure 2 , the annual total economic activity is plotted, which presents a steady increase over time, with an exception in 2008 due to the Mortgage crisis. In terms of annual total economic activity, U.S.
manufacturing experienced an average of 8% growth rate per year. And, in 2011, the annual flow rate reached a level 20 times that in 1970. In terms of the stock behavior, the increasing rate of annual activity caused a rapid growth in the cumulative output. The cumulative behavior of economic activity is vital for the EIO-LCA model since the carbon footprint impacts are also estimated cumulatively based on the economic outputs. In Figure 3 , the stock behavior indicates a dominating increase when compared with the rate behavior over time. 8E+10 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 
Time Series Analysis of Carbon Footprint Flow and Stock
In this section, the time series analysis aspects of economic output versus carbon footprint is analyzed and highlighted in detail. The section has 2 components: carbon footprint flow and carbon footprint stock. The flow section looks at the annual rate changes over the time in terms of economic activity and carbon footprint. On the other hand, the stock section considers cumulative behavior of carbon footprint and economic output. Since carbon emissions stuck in the atmosphere for longer period of times, the stock behavior of carbon footprint trend is also critical.
Carbon Footprint Flow (Rate)
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Carbon Footprint Stock
The cumulative carbon footprint impacts of 53 manufacturing sectors from 1970 to 2011 was further decomposed into onsite (direct) and supply chain (indirect) carbon footprint ( Figure 6 ).
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Carbon Footprint Intensity
The change of carbon emission intensities (metric ton CO2-equivalent emissions per $M economic activity) for onsite and supply chains for the 41 year period are presented in Figure 8 . Results indicate that the U.S. manufacturing sectors have experienced a significant decrease in CO2 Figure 6 ) has not decreased, in fact, it increased over 40 times that of 1970 levels. The trend of total economic output versus carbon intensity of U.S. manufacturing is also plotted in Figure 9 . This graph also reveals the ugly truth: carbon intensities significantly decreased as a result of technological advancements, however the total economic output kept increasing as a result of increasing consumption, which yields substantial growth in carbon footprint stock. Moreover, as shown in Table 2 , CO2 intensities from both onsite and supply chain sectors were decomposed by manufacturing industry. Total onsite carbon intensity represents the CO2 embodied in the onsite economic output (just the specific industry's economic output). On the other hand, total supply chain CO2 intensity represents the CO2 emitted during the supply chain activities of each sector. By comparing the sectoral onsite and supply chain related CO2 intensities, U.S.
manufacturing sectors showed a similar results to direct and indirect CO2 emissions.
It is also observed that substantial differences exist between the CO2 intensities of the 53 manufacturing sectors in the U.S. The average CO2 intensity was 4.174 Mt per Million dollars TEO.
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Top 10 most emitting manufacturing industries
In the previous section, the time series trend of economic output and carbon footprint of U.S. 00% 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 
Supply Chain Decomposition Analysis
To gain an understanding of how various sectors contribute to onsite and supply chain carbon footprints, let's take a look at the food manufacturing (FM) industry. This industry sector uses inputs from various other sectors such as poultry processing, agricultural chemical manufacturing, fertilizer industries etc. Table 3 
<INSERT TABLE 3>
Indirect CO2 is emitted from offsite activities that is occurred by burning fossil fuel at the power plants and other industrial facilities to produce pesticide and chemical product are very significant supply chain activities. Direct CO2 are produced by onsite activities that burns fuel to generate electricity and heat, material and resource through the industrial process or machinery. Indeed, power plants (e.g. chemical, steel) and refinery facilities are the major industrial sectors that cause direct/indirect greenhouse gasses (GHGs) in the U.S. are the main barriers for reaching and realizing the sustainable development goals. Therefore, it should be noted that utilizing energy efficient processes and alternative biomass, e.g. solar, hydro-and wind power during production and supply chain must be emphasized to minimize either onsite and supply chain related carbon emissions .
Discussion
Supply chain management practices have been implemented from sustainability perspective and due to the successful implementation of these strategies, reductions in operational costs and environmental impacts are achieved. This success is indicated by the substantial reduction in the carbon intensity (See Figure 8) . However, the total carbon footprint impact has not been reduced due to enormous growth in total economic output of manufacturing industries, which is being triggered by increase in overall demand/consumption. The increasing trend in economic output and household consumption are the top drivers of non-decreasing GHG emissions stock. According to the fifth assessment report for climate change prepared by Intergovernmental Panel on Climate
Change states that "cumulative emissions of CO2 largely determine global mean surface warming by the late 21st century and beyond", which significantly stresses the importance of looking at the stock of GHG emissions rather than the rate (IPCC, 2014). According to this study, the last four decades' cumulative GHG emissions results indicate that food manufacturing, petroleum products manufacturing, power generation, and basic chemical product manufacturing industries are the top drivers of GHG emissions thus climate change in the supply chains. The food, energy, and chemical products-related consumption is increasing more rapidly compared to the technological innovation achieved towards more environmentally sound manufacturing processes in these industries. This finding was also mentioned in the EPA's 2014 adaptation plan. EPA states that "scientific evidence demonstrates that the climate is changing at an increasingly rapid rate, outside the range to which society has adapted in the past". This signifies the innovation in both production and the consumption aspects of the issue. Another recent study also indicate that "Ambitious climate policy requires strong public support" according to a public survey performed in China (Bernauer et al., 2016) . Although some governments, business organizations, and societies are striving to make the world a more sustainable place, due to various reasons the success of U.S. towards stabilizing the GHG emissions is still out of reach.
Public inclusion for effective policy making, collective thinking and actions are among the most important steps that all stakeholders should highly be urged to implement since most of the industries found guilty (in other words "responsible") for the majority of the GHG emissions stock are highly tied with the final consumers. A recent piece of research found evidence that though the majority of U.S. population perceives climate change as an important problem for our common future, it still ranks behind economy, war, and terrorism. This also signifies the failure of science and scientists ability to communicate the importance of climate change across the stakeholders, governments, societies, business and nonprofit organizations (Sterman, 2011) . Technological advancements should not deceive us in terms of reaching the sustainable development goals, because they will not be enough (as evidenced by this piece of research), to change the increasing growth into a decreasing trend in GHG emissions due to environmentally unconscious and economically-focused increasing consumption patterns which are increasing environmentally unconscious supply and thus manufacturing.
In terms of policy making, in the very least, a national perspective, the best a global perspective needs to be integrated into all the decision making frameworks for sustainable development. The reason for a holistic understanding is the need for inclusion of all partners such as government, corporates and business organizations, non-profit organizations and society as a whole in action plans. Separated policies or individualist short-term approaches can make incremental improvements at best, whereas the planet need a paradigm shift. It's evident that industrial sectors such as fertilizer manufacturing, chemical product-plants, and nonrenewable energy production (specifically petroleum refineries) are primarily responsible for the carbon footprint stock. Instead of wait-and-see policy making (Sterman, 2011) we should be proactively implementing regulatory and incentive-based policy to limit and ultimately reduce GHGs.
In fact, we are as humans are responsible for all the damage that are being made to the planet and the environment. If the societies are not persuasive or educated to be persuasive enough for a paradigm shift, we can expect things to get much worse (Sterman, 2011) . From a producers' perspective, business organizations need to account for their supply chain-linked carbon footprint impacts instead of just onsite emissions, so that green supplier selection will not just be a popular topic in literature but rather a critical component of businesses decision making. In an open and liberal economy, there needs to be an economic reason for the producer or a consumer to go to a more environmentally friendly, more sustainable option for a product or service.
Conclusion, limitations and future work
In this study, carbon footprint assessment of U.S. manufacturing was undertaken. The carbon footprint assessment was performed by developing Input-Output LCA models for the period 1970 through 2011. Several aspects of carbon footprint assessment were considered, namely: time series, stock vs. flow analysis, carbon footprint intensity analysis, on-site vs. supply chain impacts, and supply chain decomposition. We developed a time series EIO-LCA model to estimate the carbon footprint stock and flow of U.S. manufacturing industries considering onsite and supply chain impacts as a whole. The time series assessment of economic activity indicates a positive growth during the study period. In parallel with the economic output, the carbon footprint trend showed a steady increase over the course of the same time period in terms of cumulative (stock) carbon footprint. In contrast, carbon intensity of manufacturing activities has dropped significantly (by over 90%) in the last four decades, which can be attributed to technological advancements. Even though technology and the way goods are produced has changed and improved tremendously, the consumption (thus production) had gone up significantly. In return, the total carbon footprint associated with manufacturing activities has increased steeply and continues to increase.
The salient result of this research is that only focusing on technological advancement when dealing with environmental issues does not provide ample and significant solutions for the climate change and global warming. Economic structure of countries needs to be aligned with environmental impacts. Carbon footprint is still an externality when it comes to strategic decision making for a country or company. Unless the externalities are not internalized into the economic system (e.g.
carbon taxing) strategically, the way we produce and consume will not change. The increasing stock trend of carbon footprint cannot be shifted to a decreasing trend unless the overall carbon footprint increase can be shifted to a net decrease.
We made several assumptions in order to carry out the analysis in this study and they can be relaxed in the future. For example, due to using a single region EIO-LCA model, we assume that U.S. manufacturing imports are domestically consumed. Also, carbon sequestration impact is not considered since this paper aims to investigate the amount of carbon footprint produced by the U.S.
manufacturing and its supply chains. In order to overcome the aforementioned limitations, the future directions of current study should include; 1) the case of multi-region EIO-LCA models, 2) the integration of uncertainty (stochastic modeling) and decision support frameworks such as sustainability performance assessment, eco-efficiency analysis to benchmark manufacturing sectors carbon footprint based environmental performance, and 3) integrating the midpoint and endpoint impacts along with EIO-LCA model to estimate the human-life and eco-system level account of carbon footprint impacts. 
